The antigrazing ridges installed in two Relativistic Heavy Ion Collider (RHIC) warm straight sections have been tested with beam. Significant reduction in electron cloud induced pressure rise has been observed. In addition, the pressure rise pattern at these locations has changed. The effect of antigrazing ridges on the RHIC warm section electron cloud are discussed, as well as possible mechanisms.
I. INTRODUCTION
Electron cloud induced pressure rise in the Relativistic Heavy Ion Collider (RHIC) warm sections is one of beam intensity and luminosity limiting factors [1, 2] . Electron cloud effects are observed in RHIC with longer bunch spacings than in other machines. It is suspected that positive ions may enhance multipacting by extending the electron lifetime [3] . Halo scraping may initiate this process by producing positive ions directly or by desorbing gas that is later ionized by the beam or by the electrons. This scenario of beam halo scraping is also consistent with other observations of the electron cloud behavior at RHIC warm sections, i.e., the nonuniform distribution of RHIC electron cloud around the ring, and that the intensity threshold at longer straight sections is lower.
The mechanism is currently under study. One of the investigations is the testing of antigrazing ridges, which were proposed to mitigate the effects of shallow angle incidence of beam, or halo scraping [4] . The original simulations and estimates were performed for gold beams for which the secondary electron and desorption yields are large, but testing with protons is of interest too. The principle is the same. Most of the protons that would otherwise make grazing collisions with the chamber walls collide instead with the ridges, where multiple scattering modify their trajectories.
Just prior to the FY2005 polarized proton run, five ridges were installed in each of two single beam straight sections for beam testing. The shape of these ridges is shown in Fig. 1 and their locations along one of the warm straight sections can be seen in Fig. 2 . Pressure rises were monitored by inverted magnetron type cold cathode gauges positioned 10 -15 m apart along the warm beam tubes. They are mounted in well shielded elbows and have sensitivity extending down to 10 ÿ11 Torr with = ÿ 50% accuracy.
For this evaluation, beams were injected in the ''blue'' and ''yellow'' rings that were similar to beams used in previous beam studies. The electron cloud induced pressure rise at these two locations was significantly reduced. In addition, the pressure rise pattern was also changed. The electron cloud induced pressure rise was highest in the middle of the straight sections without ridges. Now, it became the lowest compared with that at the ends of the sections.
Conventional countermeasures for electron cloud, such as the nonevaporable getter (NEG) coating, bunch gaps, and solenoids, have been studied and applied in RHIC. Antigrazing ridges now provide one more possible means to reduce the pressure rise. For future applications, further studies are needed in terms of ridge sizes, locations, and also of possible machine aperture limitations.
II. ELECTRON CLOUD AT RHIC WARM SECTIONS
The electron cloud effects at RHIC warm sections shares many similarities with the ones observed elsewhere [5] [6] [7] . For instance, they are affected by bunch intensity, bunch spacing, and bunch gap. The effects of beam scrubbing and solenoids are also observed. Nevertheless, several characteristics of the electron cloud at RHIC warm sections, not similar to others, are also noticed. These are mainly as follows:
(1) The electron cloud occurs at RHIC warm sections with much longer bunch spacings than at other machines with comparable chambers and beam conditions. With 3 10 10 protons in a bunch, electron multipacting at some RHIC warm sections happens for bunch spacing of 108 ns. In comparison for electron multipacting to appear with bunch intensity of 3 10 10 to 4 10 10 protons, the bunch spacing is 25 ns at SPS, and 19 ns at Tevatron [8] . The lifetime of secondary electrons was measured at PSR as 170 ns [9] , which is consistent with the SPS experience that for bunch spacing of 25, 50, and 75 ns, the intensity threshold is 3 10 10 , 6 10 10 , and 1:2 10 11 protons per bunch, respectively [10] . In Fig. 3 , electron multipacting observed at a RHIC interaction region is shown, the bunch spacing is 432 ns, and average bunch intensity is 3:4 10 11 protons with the bunch length of 10 ns.
(2) The RHIC electron cloud at warm sections is nonuniformly distributed in the ring. Figure 4 shows the pressure evolution during injection for all the 12 single (yellow) straight beam sections. Pressure rises are shown at 9 sections ranging from some 10 ÿ10 Torr up to 10 ÿ6 Torr, depending on the locations. There is no pressure rise at all in 3 straight sections.
(3) Electron cloud threshold at longer straight sections is lower than at shorter sections by more than a factor of 2. In The total bunch intensity at the electron detector is also shown, and is due to the added contributions of both beams.
yields in shallow angle incidence of the beam at longer pipes.
Direct measurement of these halos and the associated ions is not a straight forward task. As one of the investigations, antigrazing ridges were proposed and installed in RHIC for beam testing. With antigrazing ridges, the shallow angle incidence can be largely prevented [4] , and desorption and production of positive ions due to beam halos can be reduced. If the halo scraping initiated positive ions are indeed responsible for multipacting enhancement, lifetime of secondary electrons should be shortened with the ridges installation, and the intensity threshold of electron cloud should be increased.
During the shutdown before the FY2005 polarized proton run, ridges were installed in two single beam straight sections. One is the yellow ring section 5, i.e., Yo5, and the other one is the blue ring section 5, i.e., Bi5 [11] .
III. BEAM TEST RESULTS

A. Pressure rise reduction
The key evaluation of the effect of antigrazing ridges is based on the threshold for electron cloud triggering. To compare, similar beams as those used in previous beam studies were injected. Since the study at Bi5 is complicated by the recent installation of NEG coating, the effect of The pressure rise at Yo5 where ridges were installed has been reduced from 5:9 10 ÿ8 Torr to 10 ÿ9 Torr, with a reduction factor of more than 50. In Table I , the peak pressure rise at Yo5 and at 5 other straight sections without ridges are shown.
A different view of the antigrazing ridges' effect on electron cloud induced pressure rise is shown in Fig. 7 , where the pressure rises in 2004, without ridges, and 2005, with ridges, are depicted against the beam intensity. 
B. Change of pressure rise pattern
The electron cloud induced pressure rise is normally the highest at the middle of the single beam straight section, observed at pw3.2, which is the vacuum gauge at the center of straight sections. The pressure rise is about an order of magnitude lower at both pw3.1 and pw3.3, which are at the ends of sections. With similar pumping capacity of ion pumps close to each vacuum gauge, the ones at pw3.1 and pw3.3 are assisted by cryogenic pumping from the cold bore. In addition, the electron multipacting at the middle of straight sections is suspected to be stronger. In Fig. 8 , typical pressure rise patterns are shown.
With the ridges, the pressure rise pattern at Yo5 has changed. The pressure rise at the center of the straight section, i.e., pw3.2, is no longer higher than pw3.1 and pw3.3. This pattern is very similar to the ones at the fully or largely NEG pipes equipped straight sections [12] . In Fig. 9 , the pressure rise pattern at Yo5 is compared with the one at Yi10, where 31 m of NEG pipes were installed. The reduction of pressure rise at the center of the section indicates that the electron multipacting was indeed reduced there.
IV. CONCLUSIONS
The installation of antigrazing ridges to reduce the effects of small-angle collisions produced very significant vacuum performance improvements in the one warm section where no other modifications had been introduced. This improvement was observed with proton beams. Even larger improvements could probably have been observed for gold beams due to their much larger secondary electron and desorption yields.
To overcome the problem with dynamic pressure rise at RHIC warm sections, NEG coating has been proven to be effective [12] . Therefore there are no plans at the moment to install ridges in RHIC, but the test of antigrazing ridges served the following purposes:
The application of NEG pipes at interaction regions is very difficult, mainly due to the problem of activation. Since ridges are effective in raising the electron cloud threshold and in reducing the dynamic pressure rise, there is a potential use of ridges at interaction regions. Also, should NEG saturation or activation requirements become a problem in the future, antigrazing ridges could offer an alternative solution. They may also be of interest for other machines, especially in view of the high cost of NEG coating.
Another motivation for the test of antigrazing ridges is the need of better understanding of the electron cloud at RHIC warm sections. The direct detection of beam halo created positive ions is difficult. The effect of the ridges on reducing the beam induced pressure rise is some evidence that the interaction of beam halo on the wall, and the positive ions generated either directly or through desorbed The pressure rise is the highest at pw3.2, which is at the middle of the straight section, and about an order of magnitude lower at pw3.1 and pw3.3, which are at the ends of section. With similar pumping capacity of ion pumps close to each vacuum gauge, the ones at pw3.1 and pw3.3 are assisted by cryogenic pumping from the cold bore. In addition, the electron multipacting at the middle of straight sections is suspected to be stronger. gas ionization, are indeed playing a role in extending the lifetime of secondary electrons, hence making multipacting possible [3] for very long bunch spacings. 
